Feasibility of columnar jointed basalt used for high-arch dam foundation  by Wei, Yunjie et al.
Journal of Rock Mechanics and Geotechnical Engineering. 2011, 3 (Supp.): 461–468 
 
 
 
 
 
 
Feasibility of columnar jointed basalt used for high-arch dam 
foundation 
 
Yunjie Wei1, Mo Xu2, Wenpei Wang1, Anchi Shi3, Mingfa Tang3, Zhiping Ye3  
1 Key Laboratory of Urban Security and Disaster Engineering of Ministry of Education, Beijing University of Technology, Beijing, 100124, China 
2 State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu University of Technology, Chengdu, 610059, China 
3 East China Investigation and Design Institute, China Hydropower Engineering Consulting Group Corporation, Hangzhou, 310014, China 
Received 25 January 2011; accepted in revised form 5 December 2011; accepted 8 December 2011 
 
 
Abstract: Columnar jointed basalt, with a lot of small-spacing structural planes and poor integrity, is a kind of fractured rock 
mass. Through comprehensive study of columnar joints shape, roughness of fracture surface and chemical composition of basalt, 
it is known that columnar joints of Baihetan dam area were formed as a result of cooling and shrinkage effects of magma. The 
columnar jointed basalt is mainly formed through chemical reaction of chlorite, kaolinite, epidote and tremolite, and the 
columnar joints mainly consist of chlorite according to slice identification and chemical analysis. Test results show that the 
columnar jointed basalt has high uniaxial compressive strength, low friction coefficient, and high cohesion, shear strength and 
deformation index. Meanwhile, the columnar jointed basalt is closely locked, and joint surfaces are well closed. The permeability 
of the rock is quite weak, and the P-wave velocity in the rock could get up to 5 000 m/s. All these show good rock properties. 
The columnar joints develop regularly, different from the general fractured rock masses. In summary, the columnar jointed basalt 
can be used directly as a foundation of dam. 
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1  Introduction  
The Baihetan hydropower station, which is located 
on the downstream of Jinsha River from Panzhihua to 
Yibin, is to be built following the Three Gorges 
hydropower station and Xiluodu hydropower station. 
The impounded level is planned to be 825 m, and its 
total installed capacity is 12 600 MW. Its concrete 
hyperbolic arch dam is 284 m high with a large flood 
discharge. The investigation and design work in the 
dam area are underway.  
The columnar jointed basalt develops in this area, 
which can be seen in Fig.1. It cannot be directly 
adopted for dam foundation in hydropower projects. In 
view of relatively few studies about utilization of 
fractured rock mass, the present study mainly  
                                                        
Doi: 10.3724/SP.J.1235.2011.00461 
Corresponding author. Tel: +86-10-67391931; E-mail: wyj@bjut.edu.cn 
Supported by the National Natural Science Foundation of China (41172254) 
and the Opening Fund of State Key Laboratory of Geohazard Prevention and 
Geoenvironment Protection, Chengdu University of Technology 
(SKLGP2010K020) 
 
 
Fig.1 Columnar jointed basalt in Baihetan dam area. 
 
concentrates on the project. 
Fan [1] studied Baise hydro-junction with main dam 
built on diabase vein with developed fractures of 
Huaxi Period. The deformation modulus of slightly 
weathered diabase is about 5.8 GPa. After grouting 
into slightly weathered rock mass, the rock mass was 
used as dam foundation. Ma et al. [2] presented the 
treatment of weak interlayer of dam foundation of 
Jiangkou hydropower station. Zhao [3, 4] used 
chemical grouting and concrete replacement methods 
to deal with weak rocks in the foundations of dams at 
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Ertan hydropower station and Shapai hydropower 
station. Cui [5] found that the mechanical parameters 
of fractured rock masses in dam foundation of 
Jin’anqiao hydropower station could meet the 
requirements of gravity dam. According to the 
chemical composition diffraction analysis, scanning 
electron microscopy of composition and microstructure 
properties of discrete structure of rock masses at the 
right abutment of a hydropower project in Northwest 
China, Hu and Zhao [6] investigated the characteristics 
and patterns of deformation and failure of surrounding 
rocks in underground excavation. Li [7] pointed out 
that grouting of fractured rock masses mainly depends 
on grouting techniques, grouting pressure and grouting 
materials, through the analysis of seepage control in 
the fractured rock masses of Hongyan reservoir in 
Baoshan. In addition, Li and Tang [8] conducted a 
study on rock anchorage and grouting. 
Homas and Thomas [9] also conducted in-situ and 
laboratory tests of grouting in fractured rock masses, 
and made a series of achievements in grouting pressure 
and grouting materials. 
However, the studies almost concentrate on how to 
deal with fractured rock masses rather than recognition 
of formation mechanism and direct utilization of 
fractured rock masses in engineering. Based on the 
formation mechanism of dam foundation rocks, 
weathering characteristics, and physico-mechanical 
tests, the feasibility of dam foundation hosted on 
columnar jointed basalt is studied, rather than 
considering a simple factor of weathering only.  
 
2  Formation of columnar jointed 
basalt  
 
The formation of columnar jointed structure in 
volcanic rocks is a very complicated process. For one 
century, many experts have agreed with the traditional 
cooling contraction hypothesis and made an analogy 
with mud fragment cause. In 1978, Ryan and Sammis 
[10] proposed a new model for the formation 
mechanism of columnar joints, i.e. cyclic fracture 
mechanism. In 1981, Kantha [11] proposed a 
double-diffusive convection hypothesis. In 1998, 
Smellie et al. [12] further proved the traditional view 
of cooling contraction through experimental approach 
[13–22]. In short, the causes of columnar jointed basalt 
have different opinions, but in combination with above 
three perspectives, it can better explain the formation 
of columnar jointed basalt. 
Basalt in Baihetan is of potassic series with weak 
alkaline, which is in continental rift condition and the 
product of magma outpouring from Xiaojiang major 
fracture along the western edge of Yangtze plate.  
According to the in-situ statistics of length and 
diameter of column, the aspect ratio of column, which 
is equal to column length divided by the column width, 
is shown in Fig.2. It can be seen that the aspect ratio of 
column is mainly 2–10, and 2–5 in the concentrated 
area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Statistics of aspect ratio of column in dam area. 
 
Field surveys show that the aspect ratio of column is 
not high, and the cross-sections are mainly pentagonal. 
The columnar joints are mainly developed in 
grayish-black crypto-crystal basalts, and the changes in 
chemical compositions of upper and lower columns are 
relatively small, as shown in Table 1. Fluctuating 
surface of columnar joint displays its roughness with 
partial bending. 
 
Table 1 Chemical compositions of columnar jointed basalt in dam area of Baihetan hydropower station in China.         % 
Stratum SiO2 TiO2 Al2O3 Fe2O3 FeO MgO CaO MnO Na2O K2O P2O5 H2O 
P22 49.77 3.39 13.84 4.46 8.81 4.01 9.14 0.17 2.34 0.92 0.34 2.19 
P23 47.8 4.14 13.88 5.81 8.39 4.14 8.19 0.16 2.46 1.32 0.44 2.56 
P24 49.26 3.74 13.21 6.87 7.93 3.97 9.04 0.14 1.48 1.15 0.46 2.76 
P25 50.95 4.06 12.73 5.58 8.31 3.74 8.25 0.21 2.19 1.5 0.34 1.66                   
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The basalt in Baihetan dam area belongs to 
continental rift. It is the product of magma outpouring 
from Xiaojiang major fracture at western edge of 
Yangtze plate with a comparatively large thickness of 
lava ejected from magma and similar chemical 
composition. The cooling temperature and homogeneity 
of magma are suitable for the development of 
columnar joints. 
According to the above-mentioned analysis of 
columnar appearances, the roughness of fracture 
surface, and the chemical composition of basalt, the 
formation of columnar joint in Baihetan dam area does 
not conform to the formation of double-diffusive 
convection, but to the formation mechanism of cooling 
contraction of magma. The ancient landform in this 
area is comparatively flat, and the thickness of lava 
ejected from magma is huge. Similar chemical 
composition of magma, proper magmatic viscosity, 
proper cooling temperature and velocity of magma are 
also suitable for the development of columnar joints. 
 
3  The weathering characteristics of 
columnar jointed basalt  
 
3.1 The appearance and microscopic characteristics 
The Emeishan basalt in the dam area can be 
classified into slightly and weakly weathered rock 
masses by surface color, hammering sound and fillings 
in tectonic zone. The weakly weathered rock masses 
can be divided into two subclasses: upper part and 
lower part of weakly weathered rock masses, as shown 
in Fig.3. 
As the weathering degree aggravates, the joint 
surface of Emeishan basalt ranges from steel-gray 
(grayish-black) fresh rock to partial yellowish-brown 
lower part of weakly weathered rock mass, and then to 
yellowish-brown upper part of weakly weathered rock 
mass. 
 
 
(a) Slightly weathered columnar jointed basalt. 
 
(b) Lower part of weakly weathered columnar jointed basalt. 
 
(c) Upper part of weakly weathered columnar jointed basalt. 
Fig.3 Appearances of slightly and weakly weathered rock 
masses. 
 
The rock fracture ranges from grayish-black 
(steel-gray) slightly weathered rock mass to small 
amount of yellowish-brown lower part of weakly 
weathered rock mass, and then to large amount of 
upper part of weakly weathered rock mass. 
The fractured rock mass, which fills intra- 
formationally and intrastratally disturbed belts and 
tectonic zone, ranges from steel-gray and 
grayish-yellow slightly weathered rock masses without 
secondary allochthonous soil to weakly weathered 
zone with yellow secondary allochthonous soil. 
Micro-fracture and micro-fissure are generally 
developed in the columnar jointed basalt. The 
foundation of micro-fissure is in accordance with that 
of micro-fracture, so they have connections in 
formation mechanism, as shown in Fig.4. There are  
 
(a) Micro-fissures. 
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(b) Micro-fractures. 
Fig.4 Micro-fissures and micro-fractures in rock masses. 
 
filling vein and non-filling vein in micro-fractures. The 
filling vein fractures are formed generally because of 
tectonism, which are mainly of quartz and tremolite in 
part. The tremolite is a typical altered mineral that 
often exists in aureole of igneous rocks and develops 
from pyroxene. The emergence of tremolite vein 
suggests that fault contact zone exists here, where rock 
mass quality is poor, as shown in Fig.5. 
 
 
(a) Quartz vein. 
 
 
(b) Tremolite. 
Fig.5 Filling vein fractures in thin section. 
 
3.2 Mineral characteristics 
In the process of plagioclase weathering, the 
plagioclase gradually decomposes as secondary clay 
minerals. Because clay has absorbed composition of 
iron oxide after feldspar weathering, the bright-dark 
degree of the surface of feldspar, the transformation of 
redish brown color and optical properties under crossed 
polarizer have provided the information for plagioclase 
weathering thickness. To measure the degree of 
secondary alteration of rock, we can represent it by 
alteration coefficient. The alteration degree is classified 
into five grades on the basis of rock-forming minerals, 
plagioclase microcrystalline (diameter<0.2 mm), and 
pyroxene microcrystalline: 
(1) The 1st grade (alteration coefficient of 0–1). 
Minerals basically remain fresh. 
(2) The 2nd grade (alteration coefficient of 1–2). 
Alteration is partially observed, and crystal form is 
relatively complete. The primary characteristics of 
rock-forming minerals are basically unchanged, and the 
composition of rock-forming minerals can be measured. 
(3) The 3rd grade (alteration coefficient of 2–3). 
Alteration is clearly observed in part. The primary 
characteristics of rock-forming minerals don’t change 
clearly. The section appears slight opacity, and the 
composition of most minerals can be measured. 
(4) The 4th grade (alteration coefficient of 3–4). 
Alteration is relatively strong. The section appears 
opacity, and lithological characteristics are indistinct. 
The characteristics of minerals basically cannot be 
measured although they are perfectly preserved. 
(5) The 5th grade (alteration coefficient of 4–5). The 
alteration is intensive, and 80% of minerals are replaced 
by fresh minerals. Most of the primary characteristics of 
minerals disappear and cannot be measured. 
Through sampling every 5 m along the depth at bank 
slope, the alteration coefficients are calculated by thin 
section analysis, as shown in Fig.6. The alterations of 
columnar jointed basalt are mainly of chloritization, 
kaolinization, epidotization and tremolitization. 
Plagioclase phenocryst alterations are generally weak, 
and the alteration coefficients are mainly not more than 
2. Plagioclase microcrystalline alterations are 
relatively strong. The alteration coefficients are mainly 
between 2 and 2.5, and isolated ones reach 3.5. 
Pyroxene microcrystalline alterations are weaker, and 
the alteration coefficients are mainly about 1.5. Large  
 
 
 
 
 
 
 
 
(a) Plagioclase microcrystalline. 
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(b) Pyroxene microcrystalline. 
Fig.6 Curves of alteration coefficient vs. depth of plagioclase 
microcrystalline and pyroxene microcrystalline in the dam area. 
 
alteration coefficients of plagioclase microcrystalline 
and pyroxene microcrystalline have developed with 
faults or intrastratally fractured zone by comparative 
analysis of distribution of alteration coefficients with 
geological conditions. For example, there are faults 
and intrastratally fractured zone at the depth of 25–50 m 
in bank slope, where the alteration coefficients are 
large. There are cleavage belt, alteration belt and fault 
belt at depth of 110–122 m, where the alteration 
coefficients are also large. On the whole, rock mineral 
is slightly altered, without chemical weathering 
basically found in rocks. 
3.3 Chemical characteristics 
In order to study the chemical characteristics of 
columnar jointed basalt, an analysis was made for the 
chemical components of an adit sampling every 5 m, as 
shown in Table 1. It can be seen from Table 1 that the 
chemical components of every small layer of columnar 
jointed basalt are basically the same and the chemical 
components of different weathering zones show little 
change. 
Table 2 is the content of CIPW standard mineral of 
columnar jointed basalt. It can be seen from Table 2 that 
the content of CIPW standard mineral of the adit is 
approximately consistent. The CIPW standard mineral is 
mainly the plagioclase pyroxene mineral, with apatite, 
ilmenite, magnetite, partly calcium silicate, fayalite, 
forsterite and olivine. The pyroxene mineral is mainly 
basic magmatic mineral, which is the mineral 
composition of basalt. As the pyroxene mineral is rich in 
magnesium, it usually changes into chlorite, serpentine, 
talc, tremolite, etc., and remolite is the main mineral 
here. Fayalite, forsterite, olivine, etc., can produce 
changed minerals of magnetite and enstatite under high 
oxidation condition, and produce a green mineral, i.e. 
the combination of chlorite and montmorillonite. 
Because of the secondary change of pyroxene, olivine, 
etc., in basalt in this area, especially on columnar joint 
surface, the chlorite content is very high. 
 
4  Laboratory and field tests 
 
4.1 Laboratory tests 
317 groups of laboratory tests are conducted on 
physical properties of columnar jointed basalt, as 
shown in Table 3. The results of uniaxial tension and 
compression tests are listed in Table 4. It can be seen 
that the average value of uniaxial compressive strength 
of natural columnar jointed basalt is above 100 MPa. 
 
Table 2 The contents of CIPW standard minerals of columnar jointed basalt.                    % 
Stratum Weathering degree 
Potash 
feldspar Albite Anorthite 
Wollastonite among 
diopside 
Orthoferrosilite 
among diopside 
Ferriferous 
augite among 
diopside 
Diopside 
Enstatite 
among 
hypersthene 
Orthoferrosilite 
among 
hypersthene 
3-3
2 3P β  
Upper part of 
weakly 
weathered 
6.5 16.97 23.70 7.55 4.64 2.48 14.67 7.32 4.00 
3-2
2 3P β  
Upper part of 
weakly 
weathered 
7.89 15.74 23.62 8.19 5.16 2.52 15.87 6.34 3.11 
Lower part of 
weakly 
weathered 
7.94 18.21 22.54 8.10 5.05 2.56 15.71 6.91 3.30 
3-1
2 3P β  Slightly weathered 6.38 17.6 24.23 7.87 5.17 2.14 15.18 7.06 2.92 
2-2
2 3P β  Slightly weathered 10.33 20.40 20.64 7.60 4.73 2.41 14.74 6.12 3.21 
Stratum Hypersthene Quartz Apatite Ilmenite Magnetite Calcium silicate Fayalite Forsterite Olivine 
3-3
2 3P β  11.32 8.04 0.99 7.79 5.98     
3-2
2 3P β  
9.44 8.64 0.94 7.84 6.38     
10.21 8.08 0.95 7.8 5.93 1.52    
3-1
2 3P β  9.98 7.82 0.94 8.02 6.44     
2-2
2 3P β  9.33 6.98 0.95 8.06 6.00  1.51 2.97 4.47         
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Table 3 Physical properties of columnar jointed basalt. 
Block density (g/cm3) Grain density 
(g/cm3) 
Water content 
(%) 
Water absorption (%) 
Porosity (%) 
Natural Dry Humid Natural Saturated 
2.85–2.94 (2.90) 2.83–2.93 (2.89) 2.86–2.94 (2.90) 2.90–2.97 (2.93) 0.21–0.75 (0.46) 0.31–0.89 (0.55) 0.32–0.93 (0.58) 0.95–2.67 (1.68) 
Note: numbers in the brackets are average values of physical properties. 
 
 
Table 4 Results of uniaxial compression and tension tests. 
Uniaxial tensile strength  
(MPa) 
Uniaxial compressive 
strength (MPa) Softening coefficient
Natural Saturated Natural Saturated 
2.51–10.1  
(6.02) 
1.58–8.70 
(4.80) 
47.7–255 
(114) 
27.2–162 
(81.9) 
0.72 
Deformation modulus (GPa) Elastic modulus (GPa) 
Poisson’s 
ratio 
Natural Saturated Natural Saturated Natural Saturated
47–83.4 
 (65.1) 
11.0–68.3 
 (51.6) 
50.9–86.6 
(68.3) 
12.2–71.1  
(54.2) 
0.17–0.26
(0.23) 
0.24–0.27
(0.25) 
Note: numbers in the brackets are average values of mechanical properties. 
 
After saturation, it drops to 81.9 MPa, and the 
softening coefficient is 0.72, which suggests that the 
rock strength shows a remarkable decrease after 
saturation. It also can be seen from Table 4 that the 
average values of deformation moduli of natural and 
saturated rocks are 65.1 and 51.6 GPa, respectively, 
which means that the strength of rock is remarkably 
decreased after saturation. 
There are 4 groups of triaxial compression tests on 
columnar jointed basalt, all of which are in natural 
state. Figure 7 shows the statistical histograms of the 
results. The triaxial compression shows low friction 
coefficients and high cohesions of columnar jointed 
basalt. 
4.2 Large-size shear tests 
13 sets of shear tests are conducted on columnar 
jointed basalt, 9 sets of which are slightly weathered 
and 4 sets are weakly weathered. According to the 
types of rock masses, the shear strengths are reduced 
properly with arithmetical mean value as standard  
 
 
 
 
 
 
 
 
 
 
 
(a) Natural rock. 
 
 
 
 
 
 
 
 
  
(b) Saturated rock. 
Fig.7 Statistical histograms of triaxial compressive strengths of 
columnar jointed basalt.  
 
value in combination with Specification of 
Engineering Geological Investigation for Hydropower 
Engineering (GB50287199), as shown in Table 5. 
 
Table 5 Shear strengths of columnar jointed basalt. 
Weathering degree 
Shear strength 
Shear strength without 
consideration of 
cohesion 
f′ c′ (MPa) f c (MPa) 
Slightly weathered 1.2–1.3 1.3–1.5 0.8 0 
Lower part of 
weakly weathered 1.0–1.2 0.8–1.0 0.7 0 
Upper part of 
weakly weathered 0.8–1.0 0.6–0.8 0.6 0 
 
It can be seen from Table 5 that the slightly 
weathered columnar jointed basalt shows a higher 
shear strength, which suggests that this kind of rock 
mass has a higher strength under the condition of less 
disturbance or even in-situ. 
4.3 Rock deformation tests 
(1) Flexible bearing plate central hole tests 
Eight groups of deformation tests by flexible field 
central hole method are conducted in two adits of left 
bank of dam area. The distribution of test points is 
listed in Table 6, and the test results of deformation are 
listed in Table 7.  
It can be seen from Table 7 that the deformation 
moduli of slightly weathered rock mass and lower part 
of weakly weathered rock mass are 7.51–14.34 GPa by 
the flexible bearing plate central hole tests, and the 
deformation modulus of slightly weathered rock mass 
is slightly larger than that of lower part of weakly 
weathered rock mass. 
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Table 6 Distribution of deformation test points of central hole. 
Test point 
Weathering 
degree 
Position of test point 
Loading 
orientation 
Number of 
test points
EC36Z- 
102–103 
Weakly 
weathered 
The 36th adit is located at 
the depth of 32 m, 
7.3–10.5 m from the left 
adit 
Horizontal 2 
EC36Z- 
201–203 
Weakly 
weathered 
The 36th adit is located at 
the depth of 32 m, 
7.4–14.2 m from the 
bottom adit 
Vertical 3 
EC133Z- 
201–203 
Slightly 
weathered 
The 133rd adit at the 
depth of 100–115 m of the 
bottom of grouting section 
Vertical 3 
 
Table 7 Testing results of deep rock mass deformation of 
Baihetan columnar jointed basalt. 
Test point 
Weathering 
degree 
Loading 
orientation 
Maximum 
load (MPa) 
Depth 
(m) 
Deformation 
modulus 
(GPa) 
EC36Z-1 
Lower part of 
weakly 
weathered 
Horizontal 
8.76 0.6 7.51 
EC36Z-2 7 1 14.09 
EC36Z-3 
Vertical 
8 0.8 10.2 
EC36Z-4 7.93 0.86 10.95 
EC36Z-5 8.3 0.6 9.71 
EC133Z-6 
Slightly 
weathered 
Vertical 
7.45 0.8 14.34 
EC133Z-7 4.6 0.85 10.31 
EC133Z-8 7 1 7.22 
 
(2) Rigid bearing plate tests 
In order to reduce the blasting influence on adit 
excavation at the depths of 96 and 125 m in adit PD61, 
the upstream walls were artificially dug for branch adit 
tests, which were conducted on lower parts of weakly 
and slightly weathered rock masses. 
54 test points were arranged in the left and right 
banks to obtain deformation and tangent moduli by  
rigid bearing plate tests according to the types of rock 
masses and loading directions, as shown in Table 8. It 
can be seen that with the enhanced weathering degree, 
the deformation modulus of rock mass gradually 
decreases. In the horizontal direction, the average 
deformation moduli are all above 13 GPa, and those in 
vertical direction are all above 7 GPa. Meanwhile, the 
deformation moduli of right bank rock mass are 
basically higher than those of left bank rock mass. 
(3) Borehole elastic modulus tests  
121 groups of borehole elastic modulus tests were 
conducted. Table 9 shows the results of deformation 
modulus by calculating rock mass quality. It can be 
seen that the average deformation moduli of slightly 
weathered rock mass, lower and upper parts of weakly 
weathered rock mass are 12.22, 15.3 and 11.29 GPa, 
respectively. Deformation modulus of slightly 
weathered to fresh rock masses is higher than that of 
lower part of weakly weathered rock masses. 
Deformation modulus of rock masses in horizontal 
direction is higher than that in vertical direction, which 
suggests that the rock mass is anisotropic. 
(4) The P-wave velocity test 
The typical P-wave velocity curve measured by 
single-hole tests is shown in Fig.8, which could get up 
to 5 000 m/s, showing good rock properties.  
 
5  Conclusions 
 
(1) Columnar joints in Baihetan dam area were 
formed as a result of cooling and shrinkage effects of 
magma. 
(2) Columnar jointed basalt develops with micro- 
fracture and micro-fissure, filled with quartz and partly 
tremolite vein. The columnar jointed basalt is formed 
 
Table 8 Deformation modulus and tangent modulus obtained from rigid bearing plate. 
Weathering degree Loading orientation Position Data number 
Deformation modulus (GPa)  Tangent modulus (GPa) 
Value Average Value Average 
Slightly weathered-fresh 
Horizontal 
Left bank 
3 22.31–31.99 26.18 23.02–27.36 24.65 
Vertical 3 9.83–15.99 11.95 9.30–14.72 11.35 
Lower part of weakly weathered 
Horizontal 
Left bank 5 8.89–21.38 13.61 9.97–20.09 14.02 
Right bank 4 13.59–31.35 24.68 13.93–34.12 24.23 
Vertical 
Left bank 11 3.22–12.47 7.41 4.32–12.09 7.94 
Right bank 5 9.47–12.75 12.57 11.76–16 13.02 
Upper part of weakly weathered Horizontal 
Left bank 5 10.02–18.93 13.36 10.10–18.58 12.88 
Right bank 4 11.74–13.83 13.10 11.37–14.73 12.99 
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Table 9 Deformation modulus of rock mass obtained from 
borehole elastic modulus tests.                       GPa 
Weathering 
degree 
Loading 
orientation 
Deformation 
modulus  
Elastic modulus  
Value Average Value  Average 
Slightly 
weathered 
Horizontal 4.85–18.16 12.22 6.77–30.9 20.01 
Weakly 
weathered 
(lower part)  
Horizontal 7.95–24.75 15.3 
12.93– 
46.31 
25.65 
Weakly 
weathered 
(upper part)  
Horizontal 0.88–23.13 11.29 0.96–40.2 17.15 
Vertical 2.15–22.36 9.08 3.72–36.6 15.52 
 
 
 
 
 
Fig.8 The curve of typical P-wave velocity versus depth. 
 
by chemical reactions of chlorite, kaolinite, epidote 
and tremolite, and the content of columnar joints is 
mainly of chlorite. 
(3) The laboratory test results indicate that the 
columnar jointed basalt shows high uniaxial 
compressive strength, low friction coefficient and high 
cohesion. 
(4) The in-situ test results show that the columnar 
jointed rock mass has high tensile strength and good 
deformation index, which can be directly used as dam 
foundation. 
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